Lowland rivers are assumed to be a net source of carbon dioxide (CO 2 ) and methane (CH 4 ). However, little is known about the contribution of marginal permanent and temporary riverine aquatic systems to river carbon metabolism. Elevation, in relation to flooding, hydro-morphological, and ecological features of such habitats, can affect the gas fluxes across the water-atmosphere interfaces and the periodically airexposed riverbeds. This hypothesis was investigated in the lowland sector of the Po River (Northern Italy) from May to September 2008. Five different aquatic habitats were considered: the main river course; a backwater habitat; and three lateral lentic waterbodies-an oxbow and two quarry lakes of different age. The water mass was always CO 2 and CH 4 supersaturated, and gas fluxes were from the water to the atmosphere. In the highly dynamic river course and backwaters, CO 2 emission rates were nearly one order of magnitude greater than in the lentic and hypoxic oxbow and quarry lakes. By contrast, CH 4 fluxes peaked in the lentic, deeper, and permanent water bodies. At sediment-atmosphere interfaces, the CO 2 emissions increased along an organic matter, a water saturation, and a chlorophyll a gradient, attaining the maximum rates in the periodically air-exposed riverbed and marginal sandy sediments.
| INTRODUCTION
In continental and Mediterranean climatic zones, lowland rivers suffer increasing seasonal and inter-annual variability of the hydrological regime (Coppola et al., 2014; Leigh & Datry, 2017) . At low flow rates, boundaries between water and terrestrial interfaces become wider and, often, temporary islands and bars emerge from the riverbed, enhancing habitat heterogeneity and riverscape diversity and complexity (Gómez-Gener et al., 2015; Lewis, Grimm, Harms, & Schade, 2007 , and references therein). By contrast, high flow rates up to flooding conditions induce more homogeneous and predominantly lotic conditions. The relative elevation of backwaters, oxbow lakes, and lateral wetlands above the mean hydrometric level of rivers is a key factor in determining the alternation of emersion and submersion phases.
In turn, the persistence of water submersion controls primary production, organic matter decomposition and biogeochemical processes, especially at the land-water interfaces, setting the rates of the whole river metabolism (Wetzel, 1990) . The variations of river levels deeply modify the oxygen availability in the riverbed pore water and lateral pools, and oxbow lakes whose margins can host macroalgal and macrophyte communities.
The river metabolism is greatly affected by the artificial flow alteration. For example, river damming turns the rivers more lentic, enhancing primary productivity and autotrophic conditions (Bolpagni, Racchetti, & Laini, 2016; Pinardi, Bartoli, Longhi, & Viaroli, 2011) .
More lentic conditions could be also expected from future climate scenarios that forecast for both Mediterranean and transitional-continental regions a significant decrease of precipitations and, as a consequence, a strong reduction in river flows (Botter, Basso, Rodriguez-Iturbe, & Rinaldo, 2013; Coppola et al., 2014) . Overall, one can expect that drier conditions can favour the restriction of the main river channels, the emersion of islands and bars, and the increase of lentic waterbodies, for example, backwaters, pools, and oxbow lakes. In these temporary, newly formed transitional habitats, the carbon metabolism is largely understudied (Obrador et al., 2018) .
Studies on these issues are available for boreal and tropical areas, especially for lentic water bodies or waterlogged soils (Abril et al., 2014; Campeau & Del Giorgio, 2014; Guérin, Abril, Tremblay, & Delmas, 2008; Repo et al., 2007; Sturtevant & Oechel, 2013) , and for few altered lotic systems within agricultural watersheds (Halbedel & Koschorreck, 2013; Hope, Palmer, Billet, & Dawson, 2001) . Among the expected scenarios, intermittent rivers are of growing concern, because they display CO 2 emission rates comparable with those measured in the surrounding terrestrial areas and much greater than the CO 2 efflux from neighbouring stagnant waters (Gómez-Gener et al., 2015; von Schiller et al., 2014) .
The key questions tackled by this study are how and how much lateral aquatic habitats contribute the carbon metabolism of lowland rivers and, in turn, their CO 2 and CH 4 exchange rates. These are important issues, as lowland rivers are usually hot spots of CO 2 and CH 4 emission (Abril et al., 2014; Campeau & Del Giorgio, 2014; Raymond et al., 2013 , and references therein). Furthermore, these flux rates can be greatly affected by the spatial heterogeneity of riverscapes, which ultimately depends on the relative elevation of the different habitats to the mean river level and its variability. The emersion-submersion phases depend on lateral topographic gradients, with more persistent saturation at low elevation and most probable emersion and air-exposure of the sediments located in the upper level of the floodplain. A challenging frontier is also represented by the shift from permanent to intermittent hydrological regimes that can greatly affect the water saturation gradients and the riverscape fragmentation (Leigh & Datry, 2017) .
This study aims primarily at analysing the CO 2 and CH 4 fluxes in a series of aquatic habitat typologies located along an elevation gradient in a lowland stretch of the Po River, which undergoes wide variations of its hydrometric levels (Marchi, Roth, & Siccardi, 1995) . Four natural and artificial typologies of aquatic environments were selected: the main river course, backwaters, oxbow lakes, and quarry lakes. Our main goal was to assess to which extent their littoral sectors, both persistent aquatic zones and temporarily emerging sediments contribute to CO 2 and CH 4 fluxes under different elevation in relation to flooding (i.e., river discharge).
| MATERIAL AND METHODS
The sampling activities were performed from late May to late September 2008, during the growing season, when CO 2 and CH 4 fluxes are expected to be one order of magnitude greater than in late fall and winter due to both higher temperatures and development of primary producers (Bolpagni, Folegot, Laini, & Bartoli, 2016) . This period is also expected to be the critical period for discharge variations due to river water abstraction for agricultural uses plus climate change. Hence, recently Coppola et al. (2014) verified critical shifts in the monthly discharge of the Po River, highlighting an extension of the hydrological dry season and thus an increase in basin water stress in last decades.
| Study area
The Po River is the largest river in Italy with a length of 652 km and a basin area of~74,000 km 2 ( Figure 1 ). The climate ranges from alpine to warm-continental in the inland sectors, and Mediterranean on the coast, unevenly distributed both in time and in space (Marchi et al., 1995) .
In this study, we considered the middle-lowland river sector, that falls in the warm-continental sector, where at the low summer discharge the average river section is~350 m wide, the main channel is meandering, with a historical mean daily discharge of~1066 m 3 s −1
(ARPAE data; Figure 1 ). Here, the floodplain is constrained by a continuous double-wall levee system and the river flows in a single-channel. However, several backwaters and lateral natural water bodiesponds, marshes and oxbow lakes-and artificial quarry lakes are irregularly connected to the main river course and are arranged at different elevation, progressively higher from the mean historical stage of the river. Within this river stretch, we chose a 5 km long river section (45°01′N, 10°03′E; Figure 1 ), in which we selected five different aquatic habitats: the main river course (PO), a backwater (LP), an oxbow lake (LA), and two quarry lakes, one no longer exploited (LG) and one under excavation (BL). At the lowest water discharge in summer (<800 m 3 s −1 ), which corresponds to a river height of about −50 cm below the mean historical level, PO and LP remain in connection, whereas BL, LG, and LA are completely and stably isolated. Conversely, at high discharge >2,500 m 3 s −1 (which corresponds to a river height about +200 cm above the mean historical level), all sites are hydrologically connected and no exposed bottoms are present (Table   S1 ; Figure S1 ). Figure S1 reports the daily river flow and height variations at the nearby gauging station of Cremona during the investigated period (from May 10 to October 17), with a larger overview of the Po River daily average flows for the period 1998-2010.
PO and BL were turbid, due to silt resuspension, with chlorophyll a < 10 μg L −1 (hereafter Chl a). LP, LG, and LA had high phytoplankton concentrations (up to 50 μg Chl a L −1 ). Only LA was colonized by a submerged meadow of Ceratophyllum demersum L. In all these aquatic habitats, wide bottom sectors were seasonally exposed to the atmosphere, encompassing about 20-60% of their total surface. They consisted mainly of fine (100-250 μm) to very fine (50-100 μm) sand.
| Experimental design
On May 27, June 6, July 8 and 30, August 27, and September 30,
2008, light-dark cycles of flux measurements were performed along three distinct transects in each aquatic habitat under study. Transects were perpendicular to the shores and located parallel to each other at FIGURE 1 Map of the study area. Five different habitats were considered: the Po River main course (PO), a backwater system (LP), two lateral artificial water bodies (one under excavation and one no longer in use quarry lakes; BL and LG), and a natural lateral system: an oxbow lake (LA)
FIGURE 2
The experimental design scheme includes the spatial distribution of sampled functional zones and sites within each experimental aquatic system (AZ: persistently aquatic zone; SZ: bottoms periodically exposed <1 month; LZ: bottoms periodically exposed for >1 month and <3 months 50-100-m distance. Along each transect, three sampling sites (5 × 15 m) were selected from the water-emerged bar interfaces to the outer parts of the transitional zone (i.e., the periodically emerging bottoms; Figure 2 ). Specifically, we measured the CO 2 and CH 4 fluxes at the water-atmosphere interface in 30-50-cm shallow waters (AZ), and the CO 2 fluxes at the exposed sediment-atmosphere interface.
Explorative flux measurements were made to investigate the potential CH 4 exchanges at the exposed sediments; however, no flows were recorded due to the probably complete oxidation of CH 4 . Accordingly, at the exposed sediment-atmosphere interfaces, we evaluated exclu- (Koroleff, 1970) , NO 3 − (Rodier, 1984) , and PO 4 3− (Valderrama, 1981) . Filtered water subsamples were transferred to glass vials and analysed for dissolved inorganic carbon (DIC) according to Anderson et al. (1986) . Filters were extracted overnight in 90% acetone-water solution in the dark at 4°C, and Chl a was determined with the three-chromatic method (APHA, 2012).
At SZ and LZ sites, after the CO 2 flux measurement, the incubated surficial sediments were analysed for density, porosity, organic matter, and microphytobenthic Chl a. This was done collecting manually intact cores by transparent Plexiglas liners (Ø = 4 cm), subsequently kept at low temperatures (~4°C) and transported to the laboratory where the upper superficial horizon (~1 cm) was extruded, homogenized, and analysed with standard procedures (APHA, 2012) for the abovementioned parameters.
2.4 | Water CO 2 and CH 4 concentration and flux calculation CO 2 and CH 4 concentrations in surface water were determined to calculate the theoretical gas exchange rates along with the chamber flux measurements of exposed bottoms. CO 2 and CH 4 fluxes were measured with an indirect method to avoid the habitat perturbation due to benthic chamber deployment in water (see Guérin et al., 2007; Vachon, Praire, & Cole, 2010) . This method can potentially underestimate the CH 4 fluxes as it does not take into account CH 4 ebullition, although in running waters, isolated pools and dry river beds CH 4 fluxes depend almost exclusively on diffusive processes (Gómez-Gener et al., 2015) . Likely, in the investigated habitats, the CH 4 ebullition flux is negligible, because the sediment is mainly sandy, with organic matter <4.00%.
Water (100 ml) was sampled in triplicate a few cm below the surface with a glass syringe and rapidly transferred into a 1-L glass bottle.
The bottle was immediately shaken vigorously for 2 min to allow CO 2 and CH 4 equilibrium between water and headspace atmosphere. The headspace was then subsampled and transferred into a pre-evacuated 3-ml glass tubes after flushing (Vacuutainers, VENOJECT Terumo, Belgium). In parallel, CO 2 and CH 4 concentrations in the ambient atmosphere were determined on air samples withdrawn with 100-ml glass syringes 1 m above the water surface and transferred in Vacuutainers.
Samples were cooled (4°C) and transferred to the laboratory. The gas samples were then analysed within 24 hr with a Termo Finnigan
Trace GC equipped with TCD for CO 2 and FID for CH 4 analyses, respectively.
Dissolved CO 2 and CH 4 concentrations were calculated using the Henry's law. The CO 2 and CH 4 fluxes at the water-atmosphere interface were calculated according to Wanninkhof (1992) considering the dependence of gas exchange rates on three main factors (a) the concentration gradient between the two media (i.e., the difference of the dissolved gas concentration from its theoretical value of water saturation), (b) the thickness of the boundary layer (i.e., the layer of stagnant water that the gas molecules must cross by molecular diffusion), and (c) the gas diffusive coefficient value (K) that depends on the water temperature. The theoretical CO 2 and CH 4 fluxes were estimated with the Equation (1), which is an empirical equation valid for stagnant or slowly flowing lowland rivers within areas with limited to no wind (see Pinardi et al., 2011; Pinardi, Rossetto, Viaroli, & Bartoli, 2014) .
In Equation (1), K (= d/z) is the ratio of the gas diffusion coefficient (d) corrected for the water temperature to the thickness of the diffusion layer z; [gas] sat is the gas theoretical concentration in equilibrium with the atmosphere calculated from the salinity and temperature of the sampled water and the concentration of the gas in the atmosphere; K h is the Henry constant at a given temperature and salinity; P gas is the partial pressure of the gas measured in the surface water during the sampling and the product P gas * K h is the gas concentration in water.
The thickness of the diffusion layer (z) was derived from the literature and conservatively set to 500 μm for the lentic habitats and 250 μm for the river (Clark, Wanninkhof, Schlosser, & Simpson, 1994) . The latter value is also conservative due to the rather low ) wind, as reported in Cole and Caraco (1998) , Crusius and Wanninkhof (2003) , and Guérin et al. (2007) . The diffusion coefficients of CO 2 and CH 4 were calculated with the Equations 2 and 3:
These equations were derived from the exponential regression of the data by Broeker and Peng (1974) . Similarly, we determined the concentration values of the two gases at the equilibrium as a function of in situ water temperature, using the Henry constants revised by Sander (1999) :
2.5 | Seasonally exposed bottom CO 2 fluxes measurement Before starting the experimental phase, the two different flux measurement techniques, for aquatic and terrestrial environments, as well as the gas chromatographic and infrared gas analysis methods were intercalibrated. Differences between gas fluxes obtained with the two methods were <10%, therefore, we assumed the two methods were comparable (Bolpagni, Folegot, Laini, & Bartoli, 2016 ). , but with peaks up to 50 μg L −1 at LP (Table 1) .
| Statistical analyses
DO, DIC, and pH displayed a wide variability, likely due to the influence of primary production and decomposition processes. All the sampled sites exhibited a persistent oxygen undersaturation, with minimum dark values close to hypoxia at LA ( Figure S2 ). By contrast, CO 2 was always oversaturated, up to~800%, with the only exception of LG where CO 2 saturation ranged between 8% and 113% under light conditions. CH 4 was also supersaturated with peaks >10,000%.
The different habitats exhibited wide differences of sediment density and porosity, depending on their prevalent composition from sand to silt-clay ( Table 2) (Table 3) .
3.3 | CO 2 fluxes in periodically air-exposed sediment
As a rule, the mean CO 2 emission rates measured from air-exposed sediments (in the range −43.0 to 887.9 mmol CO 2 m −2 day , were recorded at PO and BL in ZS; whereas the highest rates were recorded at LP both in SZ and LZ (887.9 ± 80.1 and 885.2 ± 138.2 mmol CO 2 m −2 day −1 , respectively).
In the periodically air-exposed sediments, under both SZ and LZ conditions, clear site and functional zones effects were observed (Table 3 ). The factor "site" was statistically significant, both for light 
| CO 2 and CH 4 fluxes in relation to environmental determinants
Exclusively, the water light CO 2 fluxes showed weak positive correlations with conductivity (0.59) and PO 4 3− content (0.54; Table 5 ). On the contrary, dark CO 2 fluxes and CH 4 effluxes did not correlate with the environmental variables considered in the study (Table 4) .
At the exposed bottoms, both in LZ and SZ functional zones, CO 2 fluxes were positively correlated with Chl a, both under dark and light conditions (Table 5 ). Significant correlations were also observed for OM and porosity in SZ functional zones, both during light and dark measurements. In LZ, OM resulted close to significant levels with correlation coefficients of 0.61 and 0.53 under light and dark conditions, respectively (Table 5) .
| DISCUSSION
Results from the present study highlight the relevant role of topography and river water variations on the metabolic activities of aquatic habitats and their emerging bottoms along a lowland riverscape, exemplified by widely different CO 2 and CH 4 concentrations and Note. BL and LG: lateral artificial quarry lakes (under excavation and no longer in use, respectively); LA: oxbow lake; LP: backwater system; LZ: bottoms periodically exposed for >1 month and <3 months; PO: Po River main course; SZ: bottoms periodically exposed <1 month.
exchange rates (see Gómez-Gener et al., 2015; Obrador et al., 2018; Raymond et al., 2013) . Specifically, a progressive clear reduction in the water CO 2 release was observed moving from river waters to the marginal aquatic habitats. On the contrary, no clear pattern was observed for CH 4 , whose release peaked at both river waters and in the most marginal aquatic habitat (LA). Focusing on the periodically emerging bottoms, the CO 2 exchanges seemed to be strictly controlled by the progressive isolation from fluvial waters. Such condition is related to the development of benthic algal biofilms and the accumulation of OM in the upper sediment layers (Bolpagni, Folegot, Laini, & Bartoli, 2016; Obrador et al., 2018 , and references therein). Accordingly, the Po River and the quarry lake under excavation (BL; which is directly connected with the river waters) exhibited the lowest CO 2 exchange rates-both for SZ and LZ-whereas the CO 2 emissions peaked in backwater and oxbow lake.
| Water CO 2 and CH 4 fluxes
In the light, the primary producers, mainly represented by microalgae, can efficiently control the surface water CO 2 concentration by C fixation, counteracting in a very effective way the release of CO 2 to the atmosphere, and acting as a temporary C sink (Downing et al., 2008; Tranvik et al., 2009) . On the contrary, we assume a complete dominance of microbial processes in dark respiration rates. The fact that the light CO 2 fluxes were not statistically correlated with the phytoplankton Chl a is attributable to the shallowness of the investigated aquatic zones. Actually, we focused our attention on the aquatic boundaries of water bodies in correspondence of waters not exceeding 50-cm depth. In these zones, microphytobenthos can be assumed as the dominant primary producer whereas phytoplankton plays a minor role. Anyhow, all these evidences confirm the idea that the river CO 2 outgassing is strictly controlled by primary producers (indirectly during light times, by modulating pH, and directly during night times by respiration) and/or the trophic status of the investigated water bodies as verified by Halbedel and Koschorreck (2013) .
Focusing on the environmental determinants of measured fluxes, our data suggest a positive correlation between conductivity and PO 4 3− and the light CO 2 effluxes. These results partially overlap with those recently obtained for a series of temporary ponds (Obrador et al., 2018) . Here, CO 2 emission rates were strictly controlled by total nitrogen and alkalinity, along with the availability of sediment OM.
Hence, in both our study and that of Obrador et al. (2018) , water metabolic proxies (as N, P, or conductivity) emerge as key drivers of C cyclization. This reinforces the expected positive trophic dependence of CO 2 fluxes on the availability of organic C in water and sediments, with emission peaks associated to dystrophic habitats (Gómez-Gener et al., 2015) . ). Furthermore, in the presence of a significant reduction in the river flow as that measured in late July (<800 m 3 s −1 compared with a historical average flow of more than 1,000 m 3 s −1 at the Cremona FIGURE 3 Temporal trends of calculated daily gases fluxes (CO 2 and CH 4 ) at the wateratmosphere interface during the growing season. BL: under excavation quarry lake; LA: oxbow lake;
LG: no longer in use quarry lake; LP: backwater system; PO: Po River gauging station; Marchi et al., 1995) , we detected CH 4 release rates comparable to those of marginal aquatic habitats (LP, BL, and LG). This is in agreement with previous studies that highlighted the prominent role exerted by dams and impoundments on CH 4 efflux in fluvial networks (Maeck et al., 2013; Xiao, Liu, Wang, Yang, & Chen, 2013) .
The recorded high variability in CH 4 release did not permit to find significant correlations with water determinants, probably due to the extremely low emission rates that mask the existence of significant environmental drivers. Anyhow, a weak correlation with DIC-a proxy of biological activity of investigated aquatic habitats-was recorded for light data (0.37), as supported by the literature (Downing et al., 2008; Sobek, Del Sontro, Wongfun, & Wehrli, 2012) . The low measured CH 4 emission rates are to be attributed to the oxidation status of both waters and emerging sediments, and-for sediments only-to the rather low humidity ranges generally expected in periodically emerging sediments (Angel, Matthies, & Conrad, 2011) . Furthermore, CH 4 is generally conveyed through high episodic fluxes in both time and space, which cannot be adequately described by the present approach.
| CO 2 fluxes in periodically air-exposed sediment
With respect to the CO 2 release mediated by the exposed sediments, the highest amounts were emitted by habitats LP (backwater) and LG Chl a is the key driver in the marginal ones (LZ; with correlation ρ values in the range 0.82-0.87, n = 16). Indeed, at the river (PO and LP) and the active quarry lake (BL) sites, by moving gradually away from the aquatic boundary interfaces, a progressive reduction in porosity and organic matter and an increase in Chl a were observed.
At the marginal natural or "semi-natural" lentic sites (LG and LA) the Chl a tended to maintain similar concentrations that correspond to very comparable CO 2 fluxes.
In periodically exposed sediments, this can be attributed to the effect of higher oxygen penetration and availability and organic matter in sustaining microorganisms' C respiration. This would explain the large amount of CO 2 release (up to 887.9 ± 80.1 mmol
) measured in the outer functional zone. However, an LG: no longer in use quarry lake; LP: backwater system; PO: Po River; SZ: sediment exposed for not more than 1 month.
increase in sediment water content might reduce the gas diffusivity and O 2 availability, resulting in much lower CO 2 efflux (Fuijkawa & Miyazaki, 2005; Luo & Zhou, 2010) . Carbon dioxide fluxes may also undergo strong regulation by the potential establishment of ephemeral autotrophs (i.e., microphytobenthos or annual plants) in exposed bottoms, as reported by Bolpagni, Folegot, Laini, & Bartoli, (2016) .
Additionally, accessory processes as reactions involving carbonates or OM photochemical degradation can have a non-negligible role in CO 2 release (Rey, 2015) . Hence, periodically air-exposed sediments exhibit an elevated mineralization capacity as verified for flooded soils (Gawne et al., 2007) , but, depending on the colonization pattern of primary producers, they may turn into temporary but elevated C sinks (see Bolpagni, Folegot, Laini, & Bartoli, 2016 (Jacinthe, Vidon, Fisher, Liu, & Baker, 2015) .
| Ecological remarks
During high flow periods, most rivers are heterotrophic mainly due to turbulence, solid transport, limited light penetration, and elevated concentrations of labile carbon (Gawne et al., 2007) . Additionally, rivers are able to oxidize large amounts of terrestrially derived C, supporting supersaturated levels of CO 2 and steep gas gradients with the atmosphere. However, decreasing river flows deeply change this picture, as lotic systems shift into lentic aquatic environments, affecting the drivers of gas exchange. Hence, the present evidence reinforces previous studies highlighting the periodic CO 2 undersaturation of reservoirs or lakes (i.e., stagnant waters), especially during summer stratification and for aged, meso-to eutrophic lentic water bodies (Halbedel & Koschorreck, 2013; Knoll, Vanni, Renwick, Dittman, & Gephart, 2013) . In temperate regions, these aquatic habitats can act as temporary CO 2 sinks in the period from May to September. In marginal aquatic habitats, completely isolated for river waters (at LG and LA), negative CO 2 fluxes were calculated at least during light hours.
FIGURE 4
Temporal trends in CO 2 daily fluxes at the sediment-atmosphere interface in correspondence of seasonal emerging sediments at two different levels: at sediment exposed for not more than 1 month (SZ) and at sediments subject to more prolonged periodic drying (not for less than 1-3 months; LZ)
However, these consumption rates were largely overpassed by the emission fluxes measured at the periodically air-exposed bottoms, turning the marginal aquatic systems into active sources of CO 2 .
Hence, one of the most interesting outcome of this study deals with the potentially relevant role played by lowland river transitional zones (i.e., emerging bottoms) in driving CO 2 release or uptake. In general, all the characterized water bodies were CO 2 and CH 4 oversaturated and acted as a source of both gases. Conversely, during the growing season, at the periodically exposed sediments, we have recorded exchange mean rates up to 887.9 ± 80.1 mmol CO 2 m −2 day −1 , that are in general more than one order of magnitude higher than those calculated at the River Po water-atmosphere interface (14.5 ± 9.3 mmol CO 2 m −2 day −1 ). This evidence confirms the pivotal role played by the parafluvial zones in modulating the C exchanges in lowland rivers, shedding new light on the contribution of marginal lentic systems to C budgets, with rates similar to those measured for intermittent rivers, temporary wetlands, and ponds (Fromin et al., 2010; Gómez-Gener et al., 2015; Obrador et al., 2018) . To the best our knowledge, the data here reported are the first systematic quantification of CO 2 exchanges at the periodically air-exposed bottoms of a lowland perennial river and its temporary connected marginal habitats.
The presented dataset is among the few contributions within the understudied topic of C mineralization and release in lowland riverscapes. 
| CONCLUSIONS
Results from the present study suggest that the marginal sectors of lowland rivers act as critical areas for C exchanges. Similar measurements should be intensified at both temporal and spatial scales, to Note. Bold numbers show high correlations indicated by ρ > 0.7, in greys are highlighted the values approaching to weak correlation levels with ρ in the range 0.5-0.7, n = number of compared values. Chl a: microphytobenthos chlorophyll a; OM: organic matter.
provide more context on their relevance at the basin level. However, despite the growing interest they arise, marginal habitats as backwaters, oxbow lakes, quarry lakes, and wetland complexes are only marginally included in extensive inland water monitoring programs. This generates significant cascading distortions in the ability to correctly model the C budget across scales. Furthermore, the C metabolism of periodically air-exposed sediments is under the strict control of river discharge variations. The latter regulate the surficial sediment moisture and OM matter availability and can also stimulate the growth of ephemeral vegetation, which acts as temporary C trap. Our outcomes suggest that low discharge and river bottom emergence during warm season should result in large CO 2 release.
Future assessments of river C budgets should include the contribution of all riverscape constituents (i.e., main course, backwaters, oxbow lakes, and quarry lakes), in the light of the expected increasing frequency of low flow regimes during summer in temperate regions.
ACKNOWLEDGEMENT
This work was supported by University of Parma.
ORCID
Rossano Bolpagni http://orcid.org/0000-0001-9283-2821
